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The analysis of anisotropic flow of particles created in high energy heavy-ion colli-
sions gives insight into the early stage of these reactions. Measurements of directed
flow (v1), elliptic flow (v2) and flow of 4th and 6th order (v4 and v6) are presented.
While the study of v2 for multi-strange particles establishes partonic collectivity
the results for higher order anisotropies constrain the initial conditions of hydro-
dynamic model calculations.
1. Heavy-ion collisions
High-energy collisions of heavy ions provide a tool to study nuclear mat-
ter under extreme conditions. In the collision of two relativistic nuclei, a
hot and dense system of partonic matter may form. During the formation
time (of the order of τ0 ∼ 1 fm/c), partons from the colliding nuclei suffer
hard scatterings. High-pT hadrons are predominantly produced in these
hard scatterings and, therefore, carry information about this early stage. If
the system is thermalized and the relevant degrees of freedom are partonic
then the state of matter created is referred to as the quark-gluon plasma.
Due to a rapid expansion the system cools and at a critical temperature
Tc undergoes a phase transition to hadronic matter
1. This critical tem-
perature Tc might be close to the temperature of chemical freeze-out Tch,
at which the last inelastic scatterings occur and particle yields no longer
evolve. Thus hadron abundances provide information about the system at
Tch (∼ Tc). The system further expands and elastic scattering ceases. The
corresponding temperature is called the kinetic freeze-out temperature Tfo.
After kinetic freeze-out the momenta of the produced particles are fixed.
Therefore the momentum distributions reflect the properties of the system
at Tfo.
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In summary one has to note that the discussed signals of the early
and most interesting stage of the system’s evolution are carried by only a
tiny fraction of all produced particles, namely those with high transverse
momentum pT .
2. Anisotropic flow
In non-central heavy-ion collisions the overlap region of the two colliding
nuclei is not azimuthally symmetric in the transverse plane. This leads to a
larger pressure gradient in the reaction plane (defined by the incident beam
direction and the impact parameter) than out-of-plane. These pressure
gradients transform the original spatial anisotropy of the system (which is
out-of-plane) in an in-plane anisotropy in momentum space. During this
evolution the spatial anisotropy diminishes and the process of generating
anisotropies in momentum space quenches itself. The measurement of the
final azimuthal momentum anisotropy is therefore a signal which is carried
by all particles, points back to the early evolution times of the collision,
and provides information about the equation of state of the generated type
of matter.
The transverse momentum asymmetry is analyzed utilizing a Fourier
decomposition of the momentum distribution in each event with respect
to the reaction plane2. By doing this one extracts Fourier coefficients of
different order n: vn ≡ 〈cos (n · φ)〉, which characterize the strength of
different orders of flow. v1 and v2 are called directed and elliptic flow,
respectively.
3. The STAR experiment
The STAR experiment3 at the Relativistic Heavy Ion Collider (RHIC) mea-
sures charged hadrons over a wide range in pseudorapidity η and transverse
momentum pT . Its main detector is a large TPC, sitting in a magnetic field
of 0.5T. Within the acceptance of |η| < 1.0 particles are identified by spe-
cific energy loss dE/dx. The two Forward-TPCs (FTPCs) add the region
of 2.5 < |η| < 4.0 to the overall acceptance. Other detector subsystems,
which were not used in the studies shown here, include a silicon vertex
tracker, an electromagnetic calorimeter and time-of-flight patches.
All results presented here were obtained using Au + Au collisions at a
center of mass energy of
√
sNN = 200GeV.
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4. Elliptic flow v2
In addition to the large overall elliptic flow v2 of several percent
4, which
suggests a strongly anisotropic collective expansion, the measurement of v2
shows a strong dependence on pT (see Fig. 1, left). The almost linear rise of
v2(pT ) up to pT ∼ 1.5GeV/c can for the first time be reproduced by hydro-
dynamic models5, which overpredict elliptic flow at lower collision energies.
These models assume local thermal equilibrium. The mass dependence of
v2(pT ) at low pT agrees with these models as well, with lighter particles
experiencing more elliptic flow. This is consistent with all particles flowing
within the same velocity field, since heavier particles have larger momentum
for the same velocity.
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Figure 1. Elliptic flow v2 as a function of transverse momentum pT . The left panel
shows v2 for particles with different strangeness content, together with model predictions.
On the right the measurements are rescaled by the number of constituent quarks.
STAR measured the elliptic flow v2(pT ) of the multi-strange baryons
Ξ+Ξ and Ω+Ω as well6. Notably, their anisotropic flow is comparable to the
flow of the non-strange baryons. Since multi-strange baryons are expected
to have small hadronic cross sections, it is unlikely that these particles could
have picked up their large amount of flow during the hadronic stage only.
Therefore this independence of strangeness content is a strong indication
that collective motion is established during the partonic stage already.
At intermediate pT (1.5 < pT < 5GeV/c) a clear ordering of mesons and
baryons is visible. Quark coalescence models7 predict that v2 scaled by the
number of constituent quarks n and plotted as a function of pT /n will lie on
top of each other. This universal curve for mesons and baryons represents v2
developed by partons. As one can see from the measurement in Fig. 1 (right)
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quark coalescence in fact seems to be the dominant production mechanism
at intermediate pT .
5. Directed flow v1 and the higher harmonics v4 and v6
The measurement of directed flow v1 proved to be difficult due to its small-
ness at mid-rapidity. Therefore we utilized the Forward-TPCs8 to deter-
mine v1. As can be seen in Fig. 2 on the left panel significant directed flow
is only visible in forward directions, while at mid-rapidity it is consistent
with zero9. Comparisons to results on v1 at lower beam energies look the
same if plotted in the reference system of the corresponding beam rapidity.
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Figure 2. Measurements of anisotropic flow of different orders. Left: Directed flow v1
compared to results obtained by NA49. Right: Anisotropic flow of 4th and 6th order
compared to the simple scaling of v2 by v
n/2
2
.
This measurement of directed flow v1 was used to determine the sign of
elliptic flow v2 which was still undetermined but assumed to be positive
4.
The positiveness of v2 could be confirmed
10 which is equivalent to the state-
ment that elliptic flow is in-plane. In other words the simple description
given in Sec. 2 holds and the initial spatial anisotropy indeed transforms
into a anisotropy in momentum space which is rotated by 90◦.
The strong elliptic flow made it possible to measure even higher orders
of transverse anisotropy. While we measure sizable flow of 4th order, v4,
the signal of v6 is consistent with zero (see Fig. 2, right)
9. These results
help to better constrain hydrodynamic model calculations, where the ini-
tial conditions manifest themselves predominantly in the higher orders of
anisotropic flow11. Nevertheless, our measurements cannot be explained by
these models so far. As another surprising fact it was noted that the higher
harmonics of order n scale like v
n/2
2
.
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6. Conclusions
In summary we have shown that the measurement of anisotropic flow of
different orders reveals interesting features of the early stage of the two
colliding gold nuclei. Directed flow v1 confirmed that elliptic flow v2 is
in-plane and first measurements of flow of higher orders give better con-
straints on hydrodynamic model calculations. While elliptic flow at low
transverse momentum reproduces the mass scaling expected from hydrody-
namic models, we observe a meson-baryon scaling at intermediate pT . The
flow of multi-strange baryons points to partonic collectivity.
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